DNA strand and enzyme subunit specificities involved in the interaction between £. coli RNA polymerase and T7 DNA were studied by photo-crosslInking techniques. TrT non-specific enzyme-DNA complexes, subunits a, B, and B 1 were crosslinked to both strands of the DNA. Under conditions leading to specific enzyme-promoter complexes, however, only o and e subunits were crosslinked. The a subunit was crosslinked preferentially to the non-sense strand at promoter sites. No such strand specificity was observed for the e subunit. These results provide Insight into the molecular mechanism of promoter recognition and indicate that the Interaction between RNA polymerase and DNA template is different at promoters and at non-specific sites.
INTRODUCTION
DNA-dependent RNA polymerase is the key enzyme responsible for the readout of all genetic information stored in the cell. Since only a small fraction of genes 1n the chromosome are expressed at any one time, 1t 1s crucial that in the first step of gene expression RNA polymerase recognizes proper sites on the DNA template where specific initiation of RNA chains can take place. These sites are called promoter sites. Although a great amount of Information has been amassed on the molecular biology of gene expression, we are still far from understanding the molecular mechanism by which RNA polymerase recognizes promoter sites.
We have been Investigating this problem using a simple system: the recognition of promoter sites on phage T7 DNA by E_. coll RNA polymerase. The simplicity of this system is reflected 1n the fact that the selective transcription of T7 DNA by £. coll RNA polymerase 1s controlled at the level of enzyme-template interaction with no involvement of any other regulatory proteins (1). In order to understand the molecular mechanism of promoter recognition, it is essential to know the detailed structure of the enzymepromoter complex. X-ray crystallography represents an ideal approach to ribonucleoside triphosphates (75 yM each) in the presence of 10 mM MgClg. The repair synthesis was carried out at 20° C for about 1 hr and terminated by incubation at 65° C for 5 min. The modified DNA was purified by phenol extraction and was used within 2 days after synthesis.
Mbol restriction cleavage of T7 DNA was carried out at 37°C for 1 hr using 1 unit of the restriction enzyme per 2 yg DNA as described by McDonell et al_. (10) .
Filter Binding
Complexes between Mbol-cleaved T7 DNA and RNA polymerase were formed in 0.02 M Tris-HCl (pH 8), 0.1 M KC1, 0.01 M MgCl 2 , and 0.1 mM EDTA. The molar ratio of RNA polymerase to T7 DNA was varied from 0:1 to 20:1. Filtration through a millipore filter was carried out at room temperature immediately following a 5 min Incubation of the enzyme and DNA at 37° C. The filtrate was electrophoresed on li agarose gel and stained with ethidium bromide to determine which fragments were retained on the millipore filter.
Photocrosslinking of the Enzyme-DNA Complexes
Photocrosslinking of the RNA polymerase-T7 DNA complexes was performed essentially as described previously (4). Enzyme-DNA complexes were formed as described for filter binding, and the samples were exposed to UV radiation at room temperature in 3 ml quartz cuvettes with 1-cm path length using a Mineralight UVSL-25 lamp operating at 254 nm. The exposure time was 20 min at 25°C with a surface energy density of 0.8 J/cm 2 for samples containing strand-specific labeled DNA or 5 min with a surface energy density of 0.25 J/cm 2 for samples containing unlabeled DNA (see Figure 1) .
Identification of the Cross-linked RNA Polymerase Subunits
The subunits of RNA polymerase photocrosslInked to DNA were identified as described previously (4). After nuclease digestion of free DNA, the photocrosslinked reaction products were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis in phosphate buffer (11) or 1n discontinuous buffer system (12). The gels were cut Into 2-4 mm slices, dissolved 1n 30% H2O2 and counted in a liquid scintillation counter to determine the appropriate radioactivity profile ( 32 P, 3 H, or 125 I) and its correlation to the gel pattern of RNA polymerase subunits. The identification of 6' or B subunit was achieved by the characteristic cleavage patterns of these two subunits when limited proteolysis of RNA polymerase was performed with either trypsin or chymotrypsin (13). The proteolysis was carried out as previously described (4) with the following modification. To identify the B subunit, the photocrosslinked enzyme-DNA complexes were dialyzed against 8 M urea in 0.01 M Tris-HCl (pH 8), 1 mM EDTA for 4 hr at 37°C. The urea was then removed by dialysis at 4° C against 1 liter of 10 mM Tr1s-HCl (pH 8), 10 mM MgCl 2 , 0.1 mM EDTA, 5 mM dithiothreitol, 10S glycerol, and 0.1 M NaCl for 4 hrs with 2 changes of buffer. The denaturation and partial renaturation steps were necessary to form the Isolated B subunit and 026 subunit complex which are cleaved specifically by chymotrypsin to give the 80,000 and 70,000 dalton fragments of B subunit. Identification of the B' subunit by trypsin cleavage of the subunit into the 120,000 and 50,000 dalton fragments was carried out with the native enzyme. All other subunits were cleaved into small polypeptides which were not seen on the gel under the experimental conditions used.
Identification of the CrosslInked DNA Strand
Photocrosslinked unlabeled T7 DNA-RNA polymerase complexes were subjected to DNA strand separation by the poly (U.G)-CsCl density gradient centrifugation method (14) 1n the present of 0.15S sodium dodecyl sarkosinate. During the heating and rapid cooling steps of DNA strand separation, sarkosinate was added to the sample to reduce the aggregation of enzyme subunits. After strand separation, the sample was dialyzed against 0.05 M sodium phosphate buffer (pH 8.0). The subunits of RNA polymerase crosslinked to the separated DNA strands were iodinated with Na 125 I (17 Ci/mg, New England Nuclear) by the lactoperoxidase method using New England Nuclear radioiodination system. The sample was then loaded onto a DEAE cellulose column and washed with 100 ml of 50 mM Tris-HCl (ph 8) and 0.1 M NaCl. The DNA and the crosslinked protein-DNA complexes bound to the column were then eluted with 0.7 M NaCl in 50 mM Tris-HCl (pH 8). The fractions containing DNA were diluted Into or dialyzed against 50 mM Tris-HCl (pH 8) to reduce the salt concentration prior to nuclease digestion (see below). Figure 3B ). That the radioactivity peaks in Figure 3 were actually due to small DNA pieces covalently crosslinked to RHA polymerase subunits were supported by the observation that degradation of the subunits with proteinase K prior to electrophoresis abolished these peaks ( Figure  3A) . In addition, when the UV-exposed, nuclease-treated enzyme-DNA complexes were purified by a glycerol gradient centrifugation in the presence of 0.5 M NaCl and then analyzed by NaDoSO.-polyacrylamide gel electrophoresis, results identical to those in Figure 3 . To Identify the subunits of RNA polymerase crossl inked to each separated DNA strands, the protein was labeled with '"I. The labeled photocrosslinked protein-DNA complexes were purified by DEAE cellulose chromatography and then subjected to nuclease treatment and electrophoretic analysis similar to those described in the first method. Homogeneously ^H-labeled T7 DNA was obtained as described in Katerials and Methods. T7 DNA 1n which the major promoter region was labeled with ^H only in the non-sense strand was prepared by partial digestion of homogeneously labeled T7 DNA with exonuclease III followed by repair with unlabeled dNTPs using DNA polymerase I. Similar methods were used for the preparation of T7 DNA in which the major promoter region was labeled with ^H only in the sense strand except that unlabeled T7 DNA was used as starting material and [3H]dATP was present during the repair of exonuclease Ill-treated DNA molecules. Other experimental conditions were the same as in Figure 3. with the result from the differential labeling method, the a subunit photocrosslinks preferentially to the non-sense strand in the promoter complexes ( Figure 5A ) but to both the sense and non-sense strands in nonspecific complexes without detectable preference ( Figure 5D) . Also, the 6 and/or &' region has associated with 1t a radioactivity peak corresponding to both strands of the DNA, suggesting that either one or both of these subunits are in close contact to both DNA strands in specific as well as nonspecific complexes (Figure 5A and D) . To further characterize the strand-specificity in the interaction of the e and/or e' subunit with the DNA template, we Gel Slice No.
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Figure 5. Radioactivity profiles ( I25 I) of NaDoS0 4 -PAGE analysis of the photocrosslInked enzyme-DNA complexes using the strand separation method. Promoter complexes were formed by additions of 10 yg holoenzyme to 100 pg T7 DNA followed by a 5-m1n incubation at 37°C. Non-specific complexes were formed by additions of 10 yg holoenzyme to 5 pg T7 DNA (a molar enzyme:DNA ratio of 100:1) followed by a 5-min incubation at 37° C. Electrophoresis was performed in a discontinuous buffer (12) . Other experimental details are as described 1n Materials and Methods except that 90 ug of T7 DNA was added to the non-specific complex after the UV irradiation as carrier for strand separation. Each panel shows the radioactivity profiles of '25i_ labeled RNA polymerase subunits photocrosslInked to the two separated strands of DNA which were electrophoresed in parallel on the same slab gel. Figure 5B) while it crosslinks indiscriminately to both ONA strands 1n the nonspecific complexes ( Figure 5E) . A similar analysis with chymotrypsin, which cleaves B into two fragments with molecular weights of 80,000 and 70,000 daltons, reveal that the S subunit crosslinks to both DNA strands in specific and nonspecific enzyme-DNA complexes ( Figure 5C and F) . The data presented in Figure 5 were derived from results obtained in one set of experiments. These results were reproducible qualitatively with only minor variations in peak heights. Furthermore, experiments in which 0.5 M NaCl was added to prevent the formation of enzyme-DNA complexes or experiments in which the enzyme-DNA complexes were formed but were not exposed to UV radiation gave only background radioactivity counts. These control experiments indicate that the radioactivity peaks associated with the enzyme subunits 1n Figure 5 were actually resulting from photocrosslinking of the subunits to the DNA 1n the enzyme-DNA complexes and not from subunits noncovalently attached to the DNA during the DNA strand separation due to heat induced aggregation or accidental comigration.
DISCUSSION
Although the exact mechanisrreinvolved 1n UV photocrosslinking of proteins and nucleic acids are not well understood (25), several detailed studies have indicated the validity of this technique in probing specific molecular contacts 1n biological systems. Havron and Sperling (27) demonstrated that UV photocrosslinking of RNase A and its Inhibitor uridine-V(3')5'-d1phosphate Involves three amino add residues of the protein which had been shown by x-ray crystallography to reside in the vicinity of the inhibitor binding site in the enzyme-inhibitor complex. Analogously, photocrosslinking of ATP to aminoacyl-tRNA synthetase was shown to involve a unique hexapeptide in the ATP binding site of the biologically active synthetase molecule (28). These established examples for the usefulness of UV photocrosslinking have prompted us to apply this method to studying the strand specificity of the £. coli RNA polymerase -T7 DNA interaction.
Nevertheless, there are certain limitations to the technique which must be considered when interpreting the data. First, a lack of photo-crosslInking between two molecules does not necessarily mean that these molecules are not in close proximity because a crosslink would occur only when they are also photoreactive. However, it has been shown that photocrosslinking can take place between a large variety of amino acids with either purines or pyrimidines (27) . Therefore, there 1s a strong likelihood of there being a photoreactive amino acid or nucleotide at or near the contact sites between nucleic acid and protein. Second, the efficiency of UV photocrosslInking with native DMA is low (a few percents). It 1s not possible to increase crosslinking efficiency by raising the radiation dosage because of the concomitant increase in UV damage to macromolecules. In spite of this difficulty, control experiments were carried out previously in our laboratory (4) which Indicate that the photocrosslinking studies of T7 DNA to RNA polymerase similar to those described here represent the normal DNA-enzyme interaction.
The photocrosslinking results obtained by the two different methods described are 1n perfect agreement with one another. These results are summarized 1n Table 1. In the specific (promoter) complex, the o subunit crosslinks exclusively to the non-sense strand while the e subunit crosslinks to Table 1 PhotocrosslInking 34, 35, 36) . On the other hand, the interaction of the B subunit with the non-sense strand may at first seem surprising. However, it 1s likely that an anchoring (binding) site for the non-sense strand near the promoter may be required to prevent it from obstructing the transcription processes such as hydrogen bonding of the complementary nucleotide substrates to the sense strand. This requirement may be easily satisfied by placing the binding sites of both DNA strands on the 6 subunit.
Simpson (36) has examined the interaction between RNA polymerase and bromouracil substituted lac UV5 promoter by a combination of photocross-linking and DNA sequencing techniques. Our results for the specific complexes are in agreement with those of Simpson's except for the 6 subunit. Our data indicate that the 6 subunit photocrosslinks to both the sense and non-sense strands, while Simpson's data show that 6 photocrosslinks only to the non-sense strand. This discrepancy could be due to the differences between lac UV5 and T7 promoters, or to alteration of native DNA conformation by bormouracil substitution (36). Furthermore, under the conditions used in Simpson's experiments, photocrosslinking can only occur at positions in which bromouracil has substituted for thymine (<50% incorporation). This could lead to a negative result in photocrosslinking between the 6 subunit of RNA polymerase and the sense strand of T7 DNA at the promoter site 1f the thymine residues near the contact points were not substituted by bromouracil.
For nonspecific complexes, all the enzyme subunits identified to be in close contact with the DNA (6, 8 1 , and o) were photocrosslinked to both strands of the DNA. One possible explanation for the lack of DNA strand specificity is that RNA polymerase binds to nonspecific sites on the DNA template in a nearly random fashion or in more than one orientation. Thus one may argue that at both specific and nonspecific sites, o could interact with only one strand of the DNA template. The fact that it is crosslinked to both DNA strands in nonspecific complexes could be due to the possibility that it may bind in both orientation with respect to the longitudinal axis of DNA molecule. This possibility is unlikely when one considers the total radioactive counts (the sum of cpm for sense and non-sense strands) associated with the 6/6' and o subunits. Although both 6 and 6' subunits crosslink to DNA in nonspecific complexes but only the 6 subunit crosslinks to DNA 1n specific complexes, the total counts associated with the 6/6' band are roughly the same. Furthermore, the total counts associated with the a bands are two-fold greater for nonspecific complexes than for specific complexes. These results would not be possible if the mode of interaction between RNA polymerase and 17 DNA were the same at both specific and nonspecific sites. Also, it is conceivable that both 6 and 6' subunits bind to the DNA at non-specific sites, or that RNA polymerase has two Independent nonspecific DNA binding sites, one on 8 and the other on 8'. It has been proposed (38) that a kinetically efficient mechanism for promoter search involves a series of direct DNA to DNA transfer events with the RNA polymerase molecule transiently bound between two DNA sites. The existence of t»(O (or more) nonspecific DNA binding sites on RNA polymerase could provide a structural basis for such a mechanism.
The ability of RNA polymerase to form stable binary complexes at promoter sites on ONA has been well documented (1) . The physico-chemical properties of these specific binary complexes are quite different from those of non-specific binary complexes formed on all regions of the DNA. The specific enzyme-DNA complexes are much more stable with half life of many hours (32) , are more resistant to attach by heparin (39) , and exhibit greater hypochromic shift as detected by UV difference spectroscopy (40, 41) . In agreement with these observations, our photocrosslinking results indicate that the interaction of RNA polymerase with DNA template in specific and in nonspecific complexes is different. Furthermore, the present study provides some Insight into the structural basis of these differences in terms of subunit and strand specificities for the RNA polymerase DNA template interaction. Such Information has Important implications for the molecular mechanism of gene transcription.
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